Our goal was to determine the relationship between 4 amniotic fluid (AF) proteomic biomarkers (human neutrophil defensins 2 and 1, calgranulins C and A) characteristic of intra-amniotic inflammation, and funisitis and early-onset sepsis in premature neonates. The mass restricted (MR) score was generated from AF obtained from women in preterm labor (n ϭ 123). The MR score ranged from 0 -4 (none to all biomarkers present). Funisitis was graded histologically and interpreted in relation to the MR scores. Neonates (n ϭ 97) were evaluated for early-onset sepsis. There was significant correlation between the severity of AF inflammation and the presence (53/123) and grades of funisitis (p Ͻ 0.001). Funisitis occurred independently of the amniocentesis-to-delivery interval or status of the membranes and was best predicted by an MR score 3-4 and an earlier gestational age (GA) at delivery. Neonates born to women with an MR score 3-4 had an increased incidence of suspected/confirmed sepsis, even after adjusting for GA at birth. Calgranulin C had the highest association with clinically significant funisitis, while calgranulin A had the strongest association with early-onset sepsis. To conclude, AF proteomic analysis shows that women with MR scores 3-4 are more likely to have histologic funisitis, and deliver neonates with early-onset sepsis. the rate of preterm birth (PTB) has actually increased over the past 20 y (1). More than 500,000 preterm infants were born in the United States in 2004 (1). Interventions to prevent PTB and its consequences for the fetus should predominantly be targeted at the prevention, early recognition and treatment of several risk factors including intra-amniotic inflammation/ infection (2).
D espite extensive research and a variety of interventions, the rate of preterm birth (PTB) has actually increased over the past 20 y (1). More than 500,000 preterm infants were born in the United States in 2004 (1) . Interventions to prevent PTB and its consequences for the fetus should predominantly be targeted at the prevention, early recognition and treatment of several risk factors including intra-amniotic inflammation/ infection (2) .
Robust scientific evidence has confirmed that when intraamniotic inflammation secondary to, or independent of infection is superimposed upon prematurity, the consequences for the neonate can prove devastating (3, 4) . This association can be explained by an inflammatory cytokine cascade that seems to be, at least partially, of fetal origin (5, 6) . Indeed, fetal umbilical vein inflammatory cytokine levels, but not maternal serum values, correlate with the presence and severity of the placental histologic inflammation and umbilical cord vasculitis (7) .
Funisitis is characterized by perivascular infiltrates of inflammatory cells and is considered one of the strongest hallmarks of microbial invasion of the amniotic cavity and fetal inflammatory syndrome (8, 9) . While there is some debate with regard to the origin of the amniotic fluid (AF) neutrophilic response to infection (10) , there is consensus that the fetal inflammatory neutrophilic response originates initially from the umbilical vein and later from the arteries leading to umbilical cord vasculitis and funisitis (11) . Funisitis is a well-recognized risk factor for early-onset sepsis in the premature neonate (12, 13) .
We have previously shown that proteomic mapping of the AF reveals a profile, designated as the Mass Restricted (MR) score, that is highly characteristic of intra-amniotic inflammation (14) . The presence of 4 protein biomarkers (neutrophil defensins 2 and 1, calgranulins C and A) were highly predictive of PTB, whether inflammation was secondary to infection or bleeding (15) . We further found that the interpretation of the MR score is not binary (disease present or disease absent), but rather a gradient progressing from the absence of disease, to minimal, and then severe inflammation. Therefore, grading the severity of umbilical cord inflammation with increasing numerical values of the MR score was based on the number (from 1 to 4) of protein biomarkers being identified in the AF. Thus far, the relationship between the MR score or the individual 4 proteomic biomarkers, and histologic funisitis has not been addressed. In the current study, we sought to determine the relationship between presence in the AF of 4 proteomic biomarkers characteristic of intra-amniotic inflammation, and the likelihood of histologic funisitis and early-onset sepsis in premature neonates.
METHODS
Patient population and study design. We conducted a prospective study that included 123 women recruited upon admission to the Labor and Birth unit or the antepartum units at Yale New Haven Hospital. For all participants, following admission with symptoms of preterm labor (PTL), preterm prema-ture rupture of membranes (PPROM), advanced cervical dilatation (Ն3 cm) and/or uterine contractions refractory to tocolysis, AF was retrieved by ultrasound-guided amniocentesis. Subjects were enrolled (May 2004 -May 2006) based on the availability of one of the investigators (CSB), and all enrolled women were included in the final analysis.
The Human Investigation Committee of Yale University approved the study and written informed consent was obtained from all participants. Eligible subjects had: a singleton fetus, gestational age (GA) Ͻ37 wk with a clinically indicated amniocentesis to rule-out intra-amniotic infection. Exclusion criteria included: anhydramnios, human immunodeficiency virus or hepatitis infections, and the presence of fetal heart rate abnormalities at enrollment (bradycardia, or prolonged variable decelerations). GA was established based on an ultrasonographic examination before 20 wk in all instances. PTL was defined as the presence of regular uterine contractions and documented cervical effacement and/or dilatation in patients Ͻ37 wk GA (16) . The diagnosis of PPROM was confirmed by visualization of AF pooling through the cervical os, nitrazine, ferning, or amniocentesis-dye positive tests. Management of the patients was left to the clinical team. In the absence of clinical laboratory results suggestive of infection, or signs/symptoms of clinical chorioamnionitis (fever Ͼ100.4°F, abdominal tenderness, fetal tachycardia), and/or abnormalities of fetal heart rate (variable or late decelerations), and/or abruption, PPROM was managed expectantly. In PPROM patients, digital exams were not permitted. Patients received corticosteroids for lung maturity if Ͻ32 wk GA and antibiotic therapy (latency phase: ampicillin/ erythromycin or clindamycin; group B Streptococcus prophylaxis: penicillin, cefazolin, clindamycin, erythromycin or vancomycin, based on culture results and sensitivity). Eighty percent of women had their amniocentesis performed before initiation of antibiotic or steroid therapy. Women were monitored by cardiotocography at least twice daily for the presence of fetal heart abnormalities and/or uterine contractions.
Following amniocentesis, each woman was followed prospectively to delivery. The decision for amniocentesis or delivery was made by the primary physician who was blinded to all research test results. Induction of labor or a surgical delivery was performed for such clinical indications as AF laboratory results traditionally considered to indicate intra-amniotic inflammation/ infection (17) , fetal lung maturity, prolapsed umbilical cord and/or GA Ն34 wk (18) .
AF was cultured for aerobic and anaerobic bacteria, Ureaplasma and Mycoplasma species. The clinical laboratory performed the glucose and lactate dehydrogenase (LDH) measurements, the Gram's stain, the white (WBC) and red blood cell (RBC) counts. An AF glucose cut-off of Յ15 mg/dL (19) and LDH levels Ն419 U/L were considered clinically suggestive of intra-amniotic inflammation/infection (20) . These results were available to the primary care providers for clinical management.
AF proteomic profiling and generation of the MR score. Following AF retrieval, the MR score was immediately generated. The methodology for generation of the MR score has been previously described (14, 21) . Briefly, 5 L of AF was placed on spots of duplicate H4 arrays (8-spot H4 array, Ciphergen Biosystems, Fremont, California). After 1 h of incubation the arrays were read in the ProteinChip Reader (Model PBS IIC) (Ciphergen Biosystems) using the ProteinChip Software 3.1.1. Peaks composing the MR score were identified by their conspicuous aspect at or in proximity of their known respective masses: 3,377.0 and 3,448.1 Da (corresponding to neutrophil defensins 2 and 1, respectively) and at 10,443.8 and 10,834.5 Da (corresponding to calgranulins C and A respectively) (14) . The MR score provides qualitative information regarding the presence or absence of intraamniotic inflammation (14) . The MR score ranges from 0 to 4, depending upon the presence or absence of each of the four protein biomarkers (14) . A categorical value of 1 is assigned if a biomarker peak is present and 0 if absent. For the purpose of data analysis, we stratified the study population based on the severity of inflammation (MR 0: no inflammation; MR 1-2: minimal inflammation; MR 3-4: severe inflammation). One investigator (IAB) performed all the protein chip assays and scored all the samples blindly, being unaware of either clinical presentation or outcome.
Histologic evaluation of umbilical cords and diagnosis of funisitis. At Yale-New Haven Hospital, placental pathologic study is a routine part of the evaluation of a pregnancy complicated by PTL or PPROM. In all 123 cases, hematoxylin-and eosin-stained sections of the umbilical cord were read by a perinatal pathologist unaware of the results of the proteomic profiling. Each section was examined systematically for the presence or absence of inflammation and funisitis was diagnosed when neutrophils infiltrated the umbilical vessels walls or Wharton's jelly. Funisitis results were expressed using the histologic grading system devised by Salafia et al. (22) as: Grade 0, no neutrophils observed; Grade 1, neutrophils within the inner third of the umbilical vein wall (umbilical phlebitis); Grade 2, neutrophils within the inner third of at least two umbilical vessel walls; Grade 3, neutrophils in the perivascular Wharton's jelly; or Grade 4, panvasculitis and funisitis extending deep into the Wharton's jelly.
Evaluation of early-onset neonatal sepsis. Neonatal hematological indices and sepsis categorization were assessed as previously described (23, 24) from blood specimens and cultures obtained after delivery by an investigator (VB) unaware of the results of the proteomic profiling or histologic evaluation for funisitis. Of all pregnancies included in the study, 97 neonates were admitted to the Newborn Special Care Unit (NBSCU) (Fig. 1 ). All neonates underwent clinical and laboratory evaluations for sepsis. Early-onset neonatal sepsis was defined as the presence of confirmed or suspected sepsis at Յ3 d after birth (23) . Confirmed sepsis was established when either the blood and/or cerebrospinal fluid cultures were positive. Suspected sepsis was diagnosed in the presence of clinical suspicion of sepsis (signs/symptoms of which included lethargy, apnea, respiratory distress, hypoperfusion and shock) with support from laboratory results. Laboratory criteria were based on modification of the criteria of Rodwell et al. (23, 25) when Ն2 of the following were observed: absolute neutrophil count (ANC) Ͻ7,500/mL or Ͼ14,500/mL, absolute band count (ABC) Ͼ1,500/mL, immature/total neutrophil ratio (I:T) ratio Ͼ16%, platelet count Ͻ150,000 cells/mm 3 or abnormal spinal tap (23) . Early-onset neonatal sepsis was dichotomized into present (when sepsis was either Figure 1 . Selection, enrollment and follow-up of the mothers and infants in the study population (wks, weeks; GA, gestational age; NBSCU, NewBorn Special Care Unit).
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AF PROTEOMIC PROFILE AND NEONATAL SEPSIS confirmed or suspected) or absent and coefficients of associations with other binary or ranked variables calculated. All neonates with confirmed or suspected sepsis received antibiotic therapy.
Statistical analysis. Statistical analyses were performed with Sigma Chemical Co. Stat, version 2.03 (SPSS Inc., Chicago, IL) and MedCalc (Broekstraat, Belgium) statistical softwares. Data were compared with MannWhitney test, one-way ANOVA followed by Dunnet's tests (parametric) or Kruskal-Wallis on ranks followed by Dunn's tests (nonparametric), to adjust for multiple comparisons as appropriate. Pearson or Spearman correlations were used to measure co-linearity between the selected independent variables as well as other relevant relationships between dependent and independent variables. Comparisons between proportions were done with 2 tests. Receiver operating characteristics (ROC) curve analysis was performed using MedCalc (Broekstraat, Belgium) statistical software. A p-value of Ͻ0.05 was considered significant. Odds ratios (OR) and p-values were adjusted with the use of multiple stepwise logistic or linear regression analysis as appropriate. Variables were entered in the model if p Ͻ 0.05 and removed if p Ͼ 0.1.
RESULTS
Characteristics of women at the time of AF sampling. The clinical characteristics of the women at amniocentesis are presented in Table 1 . We determined that clinical chorioamnionits and PPROM occurred more frequently in relationship to severe inflammation (MR 3-4) of the AF. Likewise, women with severe inflammation were of lower GA at recruitment, had shorter amniocentesis to delivery interval and delivered babies with lower birth weights compared with the no (MR 0) or mild (MR1-2) inflammation groups. Fourteen patients (GA Ͻ23 wk) elected to terminate their pregnancy when the results of the AF were highly suggestive of infection, or after counseling in regard to the risks of prematurity. Seventyseven patients delivered within 72 h from amniocentesis.
Women with MR scores 3-4 had lower AF glucose concentration, increased WBC count, higher LDH levels, and a higher prevalence of a positive Gram's stain or positive microbial culture result, compared with women with MR scores 0 or 1-2 ( Table 2 ). The prevalence of a positive AF culture was 34.1% (42/123). The most common isolates were Ureaplasma urealyticum (16/42), E. coli (7/42), Bacteroides (5/42) and Prevotella species (4/42). Eleven women with positive AF cultures (26.2%) grew multiple microbes.
Relationships between AF inflammation and histologic funisitis. The prevalence of funisitis (any grade) in our study population was 43% (53/123). We confirmed that women with funisitis had lower AF glucose concentrations, higher AF WBC count and total LDH activity, higher incidence of a (Table  3) . Women with abnormal MR scores (MR scores 3-4) were more likely to have histologic funisitis (Fig. 2 ). There was a significant correlation between the severity of AF inflammation as estimated by the MR score and the presence (r ϭ 0.50, p Ͻ 0.001) or grade (r ϭ 0.52, p Ͻ 0.001) of histologic funisitis. Our results thus indicate that patients with an MR score 3-4 are more likely to have marked neutrophil infiltration of the Wharton's jelly and umbilical cord vasculitis. Multivariate logistic regression analysis revealed that a diagnosis of histologic funisitis occurred independent of the amniocentesis-to-delivery interval or status of the membranes (intact versus ruptured) and was best predicted by the combination of an MR 3-4 (OR: 9.3 [95% CI: 3.9 -22.3], p Ͻ 0.001) and an earlier GA at delivery (OR: 0.9 [95% CI: 0.8 -1.0], p ϭ 0.04). When AF WBC count was added into the model, only the MR 3-4 remained significantly associated with funisitis (OR: 11.3 [95% CI: 4.7-27.2], p Ͻ 0.001) suggesting that AF WBC had less value in predicting funisitis compared with the MR score. This is shown in Table 4 . The relationship between the grade of funisitis and MR score is presented in Figure 3 .
There was a significant and direct correlation between the grade of funisitis and the MR score (r ϭ 0.537 [95% CI: 0.400 -0.654], p Ͻ 0.001).
To exclude the possibility of a change in the inflammatory status of the AF due to a prolonged amniocentesis-to-delivery interval affecting the presence of histologic funisitis, we also applied our analysis to cases delivered within 72 h from the time of the amniocentesis (n ϭ 77) (26) . For this subset analysis, an MR score 3-4, but not the AF WBC count, remained in our model as the single most significant predictor of acute funisitis (OR: 11. GA ϭ gestational age; PPROM ϭ preterm premature rupture of membranes; AF ϭ amniotic fluid; WBC ϭ white blood cell count.
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AF PROTEOMIC PROFILE AND NEONATAL SEPSIS logical indices are presented in Table 5 . A total of 22 neonates had confirmed/suspected sepsis. Of these, 3 neonates had a positive blood culture result. One fetus was delivered from a mother with an MR of 4 and the other 2 from pregnancies with MR scores of 2. Overall, neonates delivered from mothers with AF MR scores of 3-4 were born earlier and had lower birth weights compared with the babies delivered by women with MR 0 or 1-2. Furthermore, the neonates of women with MR score 3-4 were more often lymphocytopenic (p ϭ 0.007), had significantly higher percentage of bandemia (p Ͻ 0.001), absolute band count (p Ͻ 0.001), I:T ratio (p Ͻ 0.001), and increased incidence of suspected and/or confirmed sepsis (odds ratio: 4.0 [95% CI: 1.5-11.1], p ϭ 0.007) compared with neonates from mothers with MR 0 or 1-2, even after adjusting for GA. Neonatal suspected and/or confirmed sepsis associated significantly with the MR score (r ϭ 0.31, p ϭ 0.002). In bivariate logistic regression analysis, an MR 3-4, but not the AF WBC count, was significantly associated with neonatal sepsis (MR 3-4 OR: 4.2 [95% CI: 1.
5-11.7]).
Relationships between funisitis, early-onset neonatal sepsis and proteomic biomarkers. The prevalence of funisitis was 41.2% (40/97). By using ROC analyses, we found that only an advanced grade of funisitis (grades 2-4) had clinical relevance from the perspective of hematological markers indicating early-onset sepsis (sensitivity: 73% [95% CI: 50 -89], specificity: 75% [95% CI: 63-84], positive predictive value (PPV): 46% [95% CI: 63-84]; negative predictive value (NPV): 90% [95% CI: 80 -96]; accuracy 74%). We first determined that out of all patients with MR score 3-4, 62.5% (30/48) had clinically significant funisitis (i.e., relationship with early-onset neonatal sepsis). This was significantly higher compared with women with MR score 0 (19.2%) (5/21) or MR score 1-2 (22.5%) (9/31) (p Ͻ 0.001). Because of our previous findings suggesting the sequential appearance of biomarkers in the progress of intra-amniotic inflammation (14), we next aimed to determine the appearance of which of the 4 proteomic biomarkers had the strongest relationship with funisitis and/or development of early-onset neonatal sepsis. Our analysis revealed that of all the component biomarkers of the MR score, the presence of calgranulin C (Table 6A) (Table 6B ).
DISCUSSION
Our research was motivated by the fact that histologic chorioamnionitis and funisitis has been previously linked with neonatal morbidity in preterm infants (27, 28) . We have previously shown that proteomic profiling of the AF can rapidly and accurately diagnose intra-amniotic inflammation, and can identify women at risk of premature delivery (14) . We further demonstrated that interpretation of the MR score is a gradient progressing from the absence of disease to mild and then severe inflammation. In this study, we demonstrate that One-Way ANOVA; † Kruskal-Wallis ANOVA; § Chi square. wks ϭ weeks; g ϭ grams; ANC ϭ absolute neutrophil count; ABC ϭ absolute band count; I:T ratio ϭ proportion of immature-to-total neutrophils. 322 women with abnormal MR scores are more likely to have histologic funisitis. We further determined that there is a direct relationship between the degree of intra-amniotic inflammatory response, as estimated by the MR score (but not WBC, when both were included in the model) and the severity of umbilical cord vasculitis. This relationship maintained for fetuses delivered within 72 h from amniocentesis. Finally, we showed that infiltration of the umbilical cord by inflammatory cells is most accurately predicted by the presence of calgranulin C, while a more advanced degree of inflammation as reflected by the presence of calgranulin A is predictive of early-onset neonatal sepsis.
Sepsis occurs with increased frequency in the premature neonate (12, 29, 30) . Laboratory tests including IL-6, MMP-8 and WBC counts have been proposed as a means to predict a fetal inflammatory response to infection or other inflammatory triggers (bleeding). However, such tests remain poor instruments for clinical decision-making, as they either require an invasive fetal blood sampling (cordocentesis), or laborious immunoassay laboratory protocols. Regrettably, although histologic funisitis remains a reliable diagnostic marker of neonatal sepsis, its presence cannot be recognized before delivery of the fetus. The strong association between early-onset neonatal sepsis, and elevated cytokines levels in the fetal circulation warrants investigation into selection of a panel of diagnostic markers aimed to rapidly and accurately identify infants with severe inflammatory syndrome and therefore, adverse prognosis before delivery (2, 12, 23) .
Today, an emerging field, proteomics, seeks to apply the science of functional biology in the search for biomarkers and generation of protein profiles that can rapidly predict and diagnose human and fetal diseases, including PTB and fetal inflammatory syndrome (31) . The use of specific biomarkers to identify neonates with increased risk for sepsis in utero, would aid in initiation of appropriate therapy and perhaps decrease the risk of resistant microorganisms by eliminating unnecessary antibiotic treatment (30) . Our finding creates the premise for prospective studies, in larger cohorts of neonates, to validate our conclusions drawn about the association of higher MR scores with neonatal sepsis.
In our current study, we found that proteomic analysis of the AF-identified women with severe inflammation who were more likely to have histologic funisitis of a more advanced grade. Consistent with other prior studies, we further confirmed that the presence or absence of histologic funisitis is unrelated to the amniocentesis-to-delivery interval (32) . Therefore, at the time of the amniocentesis, and thus before delivery of the fetus, our data would suggest that the clinician may be either reassured in the absence of inflammation (MR 0), or initiate aggressive therapy immediately following delivery in the context of severe inflammation (MR 3-4) on the assumption of a high probability of funisitis and fetal sepsis when inflammatory biomarkers are identified in the AF. We found out that a significantly higher number of patients with MR score 3-4 had clinically significant funisitis (grades 2-4) and suspected or confirmed, early-onset neonatal sepsis, when compared with women with MR scores 0 or 1-2. Early recognition, diagnosis and treatment of neonatal sepsis is an important aspect of the current clinical practice and hence, prospective randomized studies aimed to determine the appropriate treatment of the newborn based on the MR score is highly desirable (33) .
We further found that only an advanced grade of funisitis (grades 2-4) is of clinical relevance for the neonate. Indeed, neutrophilic infiltration of the umbilical artery, and thus an advanced stage of funisitis, has been shown to be associated with a higher fetal blood concentration of inflammatory cytokines and adverse neonatal outcome (34) . So far, while such findings provide answers to important physiologic questions pertaining to fetal inflammatory response, our discovery that funisitis is accurately predicted by the presence of the AF biomarker calgranulin C offers practical directions relevant for a rapid antenatal diagnosis. Presence of calgranulin A was predictive of early neonatal sepsis. Because the monomeric calgranulin A is not reliably estimated by immunoassays (ELISA) as it binds to calgranulin B to form the calprotectin complex, mass spectrometry remains the only way to discriminate between biomarker isoforms at this time (35) . The observation that calgranulin C is strongly associated with funisitis while calgranulin A is linked with neonatal sepsis (a more advanced stage of disease) suggests that there is a specific temporal sequence in the appearance of these biomarkers in women with intra-amniotic infection/inflammation.
Our study is novel and puts forward the idea that recognition of proteomic biomarkers characteristic of intra-amniotic inflammation can predict not only the presence or absence of clinical significant funisitis antenatally, but can provide the clinician with more complete, integrative information pertaining to the risk of preterm delivery, the state of functional activation of the infiltrative neutrophil, and early-onset neonatal sepsis.
